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(57) ABSTRACT

A magnetic bearing which would reduce a leakage magnetic
flux to be generated between teeth 1s provided. A predeter-
mined one of 1ts teeth (24) 1s configured so that a pitch (P1)
between the predetermined tooth (24) and one of two
adjacent teeth (24) that are located on clockwise and coun-
terclockwise sides thereof 1n the circumierential direction 1s
broader than a pitch (P2) between the predetermined tooth
(24) and the other tooth (24) and that a magnetic flux flows
in the same radial direction through the predetermined tooth
(24) and the tooth (24) spaced from the predetermined tooth
(24) by the narrower pitch (P1) but flows 1 two different
radial directions through the predetermined tooth (24) and
the tooth (24) spaced from the predetermined tooth (24) by
the broader pitch (P2).
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MAGNETIC BEARING HAVING REDUCED
LEAKAGE MAGNETIC FLUX

TECHNICAL FIELD

The present mvention relates to a magnetic bearing to
support the rotating shaft with magnetic force.

BACKGROUND ART

A so-called “radial magnetic bearing” controls the radial
position of the rotating shaft with magnetic force. Among,
various kinds of such magnetic bearings, a one 1n which a
magnetic circuit 1s arranged within a plane that intersects at
right angles with the rotating shaft 1s generally called a
“heteropolar magnetic bearing”. In some heteropolar mag-
netic bearings, a pair of magnetic poles, for example, may
form one independent magnetic circuit to support the rotat-
ing shait (see, for example, Patent Document 1). Since the
supporting force generated by the magnetic bearing depends
on the cross-sectional area of teeth located closer to the inner
periphery of a stator core, those teeth suitably have a broad

width.

CITATION LIST

Patent Document

[Patent Document 1] Japanese Unexamined Patent Pub-
lication No. 11-266564

SUMMARY OF INVENTION

Technical Problem

If the tooth width of the stator core 1s broadened, however,
those teeth that form the magnetic circuit will be located
even closer to each other, thus possibly generating a leakage
magnetic flux between those teeth and causing a concern
about some decrease 1n energy efliciency.

The present invention was perfected in order to overcome
these problems, and one of its objects 1s to reduce such a
leakage magnetic flux generated between teeth 1n a magnetic
bearing.

Solution to the Problem

To overcome the problem described above, an implemen-
tation of the present invention 1s a magnetic bearing includ-
ng:

a stator core (22) 1n which a plurality of teeth (24) are
arranged 1n a circumierential direction so as to be located
closer to an iner periphery than an annular back yoke (23)
1s and to face a rotating shait (13); and

coils (26) wound around the respective teeth (24),

wherein a predetermined one of the teeth (24) 1s config-
ured so that a pitch (P1) between the predetermined tooth
(24) and one of two adjacent teeth (24) that are located on
clockwise and counterclockwise sides thereof 1n the circum-
ferential direction 1s broader than a pitch (P2) between the
predetermined tooth (24) and the other tooth (24) and that a
magnetic tlux flows 1n the same radial direction through the
predetermined tooth (24) and the tooth (24) spaced from the
predetermined tooth (24) by the narrower pitch (P1) but in
two different radial directions through the predetermined
tooth (24) and the tooth (24) spaced from the predetermined
tooth (24) by the broader pitch (P2).
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According to this configuration, the pitch (P1) between
the predetermined tooth (24) and one tooth (24), through

which the magnetic flux flows 1n two diflerent radial direc-
tions, 1s broader than the pitch (P2) between the predeter-
mined tooth (24) and the other tooth (24), through which the

magnetic flux flows in the same radial direction.

Advantages of the Invention

According to the present invention, the leakage magnetic
flux that would be generated between the teeth can be
reduced with the tooth width of the stator core kept broad
enough. As a result, the energy efliciency will increase, the
magnetic bearing can have its output density increased and
its si1ze reduced, and eventually, the overall cost can be cut
down.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates generally the structure of a turbo com-
pressor as a first embodiment.

FIG. 2 1s a lateral cross-sectional view of the magnetic
bearing according to the first embodiment.

FIG. 3 1s a longitudinal cross-sectional view of the
magnetic bearing according to the first embodiment.

FIG. 4 1s a lateral cross-sectional view of a magnetic
bearing according to a second embodiment.

FIG. 5 1s a lateral cross-sectional view of a magnetic
bearing according to a third embodiment.

FIG. 6 1s a lateral cross-sectional view of a magnetic
bearing according to a fourth embodiment.

FIG. 7 1s a lateral cross-sectional view of a magnetic
bearing according to a fifth embodiment.

FIG. 8 1s a lateral cross-sectional view 1llustrating exem-
plary positions where displacement sensors are attached.

FIG. 9 1s a longitudinal cross-sectional view illustrating
exemplary positions where the displacement sensors are
attached.

FIG. 10 1s a lateral cross-sectional view illustrating
another exemplary arrangement of the displacement sensors.

FIG. 11 illustrates how coils may be connected together.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present imvention will now be
described with reference to the accompanying drawings. It
should be noted that the following description of embodi-
ments 1s essentially mtended to just show some examples of
preferred embodiments of the present invention and 1s not
intended to limit the scope of the present invention, its
applications or 1ts usage.

First Embodiment of this Invention
Overall Configuration

A turbo compressor to which the magnetic bearing 1s
applied will be described as an embodiment of the present
invention. FIG. 1 1llustrates generally the structure of a turbo
compressor (1) as a first embodiment of the present inven-
tion. As shown 1n FIG. 1, the turbo compressor (1) includes
a casing (2), an impeller (9), an electric motor (10), a control
section (30) and a power supply section (40).

The casing (2) has been formed to have a circular cylin-
drical shape with closed ends and 1s arranged so that the axis
of the circular cylinder runs horizontally. The space inside of
the casing (2) 1s partitioned by a wall portion (3). Specifi-
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cally, the space on the nght-hand side of the wall portion (3)
defines an impeller chamber (4) to house the impeller (9),
while the space on the left-hand side of the wall portion (3)
defines an electric motor space (5) to house the electric
motor (10). The impeller (9) has a substantially circular cone
profile formed by a plurality of blades. The impeller (9) 1s
housed 1n the impeller chamber (4) so as to be fixed to one
end of the dnive shaft (13) (rotating shaft) of the electric
motor (10).

The electric motor (10) 1s housed 1n the casing (2) and
drives the impeller (9). In this example, the electric motor
(10) 1s a so-called “permanent magnet synchronous motor”.
The electric motor (10) includes an electric motor stator
(11), a rotor (12), the drive shaft (13) and a bearing mecha-
nism (8). The electric motor stator (11) 1s fixed on the inner
peripheral wall of the casing (2). The drive shaft (13) 1s
secured to the rotor (12) so that 1ts shaft center 1s coaxial
with that of the rotor (12).

The bearing mechanism (8) includes a radial direction
touchdown bearing (14), a thrust magnetic bearing (15),
thrust direction and radial direction touchdown bearings (16)
(which may be angular ball bearings, for example), and two
magnetic bearings (20, 20).

As will be described 1n detail later, the magnetic bearings
(20, 20) are provided with a plurality of electromagnets (25),
and are configured to apply the synthetic electromagnetic
force of the respective electromagnets (25) to the drive shaft
(13) and to support the drive shait (13) by a non-contact
method. The radial direction touchdown bearing (14) may be
implemented as ball bearings, for example, and supports the
drive shait (13) when the magnetic bearings (20) are not
clectrically conductive.

The power supply section (40) supplies electric power to
the electromagnets (25). For example, a so-called “pulse
width modulation (PWM) amplifier” may be adopted as the
power supply section (40). The magnitude of the voltage
supplied by the power supply section (40) to the electro-
magnets (25) 1s controlled by the control section (30). Using,
the detection value of a displacement sensor (to be described
later) which detects the pitch between the magnetic bearings
(20) and the drive shaft (13) (specifically, the displacement
of the drive shatt (13)), the control section (30) performs a
positioning control so that the drive shaft (13) 1s supported
at any intended position 1 a non-contact manner. The
control section (30) may be implemented as a combination

of a microcomputer (not shown) and a program to operate
the computer, for example.

Configuration ol Magnetic Bearing

In the following description, the “axial direction™ will
refer herein to the direction 1n which the shaft center of the
drive shait (13) runs, and the “radial direction” will refer
herein to the direction that intersects at right angles with the
shaft center. Also, 1n the following description, 1f something
1s located closer to the outer periphery than something else
15, 1t means that the former 1s located more distant from the
shaft center than the latter 1s. On the other hand, if something
1s located closer to the inner periphery than something else
1s, 1t means that the former 1s located closer to the shaft
center than the latter 1s.

FIG. 2 1s a lateral cross-sectional view of the magnetic
bearing (20) according to the first embodiment. FIG. 3 i1s a
longitudinal cross-sectional view of the magnetic bearing
(20). The magnetic bearing (20) 1s a so-called “16-pole
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heteropolar radial magnetic bearing”. The magnetic bearing,
(20) includes a stator (21) and displacement sensors (not
shown).

The stator (21) includes a stator core (22) and a plurality
of coils (26). The stator core (22) includes a back yoke (23)
and a plurality of teeth (24), and may be formed by stacking
a plurality of electrical steel sheets one upon the other, for
example.

The back yoke (23) has been formed in an annular shape.
Also, as shown in FIG. 2, the stator core (22) includes
sixteen teeth (24). In FIG. 2, those teeth (24) and tooth pairs
(27) to be described later each have a branch number (-1, -2
and so on) added as their suflix for the sake of convenience
of description. Those teeth (24) form integral parts of the
back yoke (23) and project from the inner peripheral surface
of the back yoke (23) toward the inner periphery. Each of
those teeth (24) has a generally rectangular parallelepiped
shape and has a surface which 1s parallel to the shaft center
(and which will be referred to herein as a “side surface (S)”).

Those teeth (24) have uneven pitches at their tip end (1.e.,
the end that faces the drive shaft (13)). More specifically, in
this stator (21), two teeth (24) form one pair (which will be
referred to herein as a “tooth pair (27)”) and are arranged so
that their side surfaces (S) are parallel to each other. Also,
two adjacent tooth pairs (27) are arranged so that the two
teeth (24) facing each other between those two pairs form a
V shape with an open outer peripheral end.

Such a configuration will be described more specifically
with reference to FIG. 2. For example, the teeth (24-1 and
24-2) form one tooth pair (27-1), and the teeth (24-3 and
24-4) form another tooth pair (27-2). The side surface (S) of
the tooth (24-1) 1s parallel to the side surface (S) of the tooth
(24-2). Likewise, the side surface (S) of the tooth (24-3) 1s
also parallel to the side surface (S) of the tooth (24-4).
Furthermore, the teeth (24-2 and 24-3) are arranged so as to
form a V shape with an open outer peripheral end. And these
tooth pairs (27) are arranged closer to the mnner periphery
than the back yoke (23) 1s so that their center lines (L) form
even-pitch angles between themselves. In this description,
the center line (L) refers herein to a line that connects the
middle of the pitch between two teeth (24) that form each
tooth pair (27) to the shaft center of the stator core (22).

In this configuration, these teeth (24) are arranged so that
the pitch (P1) between the two teeth (24) that form one tooth
pair (27) 1s broader than the pitch (P2) between the two teeth
(24) that face each other in two adjacent tooth pairs (27). In
FIG. 2, for example, the pitch (P1) between the teeth (24-1
and 24-2) 1s broader than the pitch (P2) between the teeth
(24-2 and 24-3).

Each of these teeth (24) has a notched portion (24a) at 1ts
tip end that faces the adjacent tooth pair (27). By providing
this notched portion (24a), the pitch between two adjacent
tooth pairs (27) can be narrowed, and the pitch (P1) between
two teeth (24) that form each tooth pair (27) can be kept
suiliciently broad (as will be described later). Naturally, the
width of each tooth (24) at 1ts tip end 1s set to be at least as
broad as a predetermined width so as to avoid causing
magnetic saturation and other kinds of inconveniences. By
providing this notched portion (24a), the circumierential
width (W1) of an outer peripheral portion of each tooth (24)
becomes broader than the circumierential width (W2) of its
innermost peripheral portion as measured at 1ts tip end.

A winding wire member (such as a coated copper wire) 1s
wound around each tooth (24) to form a coil (26) there. As
a result, an electromagnet (25) 1s formed at each tooth (24).
The winding wire member may be wound through a winding
nozzle, for example. In this magnetic bearing (20), the coils
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(26) are wound around each pair of adjacent teeth (24) 1n
mutually opposite directions. It should be noted that since
two teeth (24) that form each tooth pair (27) are arranged
parallel to each other, the winding wire members can be
casily wound around them.

This magnetic bearing (20) 1s configured to make two
tooth pairs (27) (1.e., four teeth (24) 1n total) control force in
one direction. In the example shown 1n FIG. 2, the magnetic
bearing (20) makes the two tooth pairs (27-1 and 27-2)
generate magnetic attraction 1 the +X direction (1.e., the
rightward direction in FIG. 2), thereby controlling the posi-
tion of the drive shaft (13) in that direction. To realize that,

in this magnetic bearing (20), the respective coils (26) of the
four teeth (24-1, 24-2, 24-3 and 24-4) that form these two

tooth pairs (27-1 and 27-2) are connected in series together.
And the coils (26) that are connected 1n series are further
connected to a power supply section (40) to get power

supplied from the power supply section (40). Alternatively,
these four teeth (24-1, 24-2, 24-3 and 24-4) may also be used
by being connected 1n parallel with each other.

When electric current 1s allowed to flow through the
respective coils (26) that form the two tooth pairs (27-1 and
27-2), magnetic circuits, of which the magnetic flux direc-
tions are as indicated by the solid arrows 1n FIG. 2 (and
which will be referred to herein as “magnetic loops (ML),
are formed. That 1s to say, one magnetic loop (ML) 1s formed
by the tooth (24-1), drive shaft (13), tooth (24-2) and back
yoke (23), and another magnetic loop (ML) 1s formed by the
tooth (24-3), drive shatt (13), tooth (24-2) and back yoke
(23).

As described above, in this embodiment, each tooth (24)
1s configured so that the pitch (P1) between that tooth (24)
and one of two adjacent teeth (24) that are located on
clockwise and counterclockwise sides thereot in the circum-
terential direction 1s broader than the pitch (P2) between that
tooth (24) and the other tooth (24) and that a magnetic tlux
flows 1n the same radial direction through that tooth (24) and
the tooth (24) spaced from that tooth (24) by the narrower
pitch (P1) but tlows 1n two diflerent radial directions through
that tooth (24) and the tooth (24) spaced from that tooth (24)
by the broader pitch (P2). It should be noted that 1n two teeth
(24) which are adjacent to each other and through which a
magnetic flux flows 1n mutually different radial directions,
the coils (26) are wound around them the same number of

times.

Leakage Magnetic Flux Generated by Teeth

In a magnetic bearing 1n which teeth are arranged at even
pitches (and which will be referred to herein as a “conven-
tional magnetic bearing” for the sake of convenience of
description), the broader the tooth width of 1ts stator core,
the narrower the pitch between their teeth. For that reason,
i the tooth width 1s increased 1n the conventional magnetic
bearing, there will be concern about a leakage magnetic tlux.

In contrast, according to this embodiment, by narrowing,
the pitch (P2) between two teeth (24) through which a
magnetic flux flows in the same radial direction, a broader
pitch can be defined between teeth (24) that form a magnetic
loop (ML) (1.e., between teeth (24) through which a mag-
netic flux flows in mutually different radial directions) than
in the conventional magnetic bearing. Consequently, accord-
ing to this embodiment, the leakage magnetic flux that
would be generated between teeth (24) can be reduced with
the tooth width broadened. As for teeth (24) through which

a magnetic flux flows 1n the same radial direction, on the
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other hand, even 1f the pitch (P2) 1s narrowed, the leakage
magnetic flux would not be a problem.

[T

ffects Achieved by this Embodiment

As described above, according to this embodiment, the
leakage magnetic flux that would be generated between teeth
(24) can be reduced, and therefore, the magnetic bearing
(20) can achieve increased energy efliciency. As a result, the
size of the magnetic bearing (20) can be reduced, and
eventually, the overall cost can be cut down.

In addition, since the circumierential width (W1) of an
outer peripheral portion of each tooth (24) 1s broader than
the circumierential width (W2) of the innermost peripheral
portion thereol, magnetic saturation will not be caused
casily on the outer peripheral portion of the tooth (24). The
leakage magnetic flux that would be generated between the
teeth (24) can also be reduced for this reason, too.

On top of that, by arranging the teeth (24) at uneven
pitches as described above, the strength of the magnetic flux
can be increased, too.

Second Embodiment of this Invention

FIG. 4 1s a lateral cross-sectional view of a magnetic
bearing (20) as a second embodiment of the present inven-
tion. As shown 1n FIG. 4, twelve teeth (24) are provided for
the stator core (22). That 1s to say, the number of the
magnetic poles provided for the magnetic bearing (20) does
not have to be sixteen as 1n the example described above. In
this example, each tooth (24) 1s also configured so that the
pitch (P1) between that tooth (24) and one of the two
adjacent teeth (24) that are located on clockwise and coun-
terclockwise sides in the circumierential direction 1s broader
than the pitch (P2) between that tooth (24) and the other
tooth (24). However, in this example, the circumierential
width (W0) of an outer peripheral portion of each tooth (24)
1s as broad as that (W0) of the mnnermost peripheral portion
thereof.

In this example, the coils (26) are also wound around each
pair of adjacent teeth (24) 1n mutually opposite directions.
And electric current 1s also allowed to flow through the coils
(26) so that the magnetic flux flows 1n the same radial
direction through each tooth (24) and the one tooth (24)
spaced from that tooth (24) by the narrower pitch (P1) but
flows 1n mutually different radial directions through each
tooth (24) and the other tooth (24) spaced from that tooth
(24) by the broader pitch (P2).

As can be seen from the foregoing description, even 1n
such a magnetic bearing (20) with twelve magnetic poles, by
narrowing the pitch (P2) between two teeth (24) through
which a magnetic flux flows in the same radial direction, a
broader pitch can be defined between teeth (24) that form a
magnetic loop (ML) (i.e., between teeth (24) through which
a magnetic flux flows 1n mutually different radial directions)
than in the conventional magnetic bearing. Consequently,
according to this embodiment, the leakage magnetic flux

that would be generated between teeth (24) can also be
reduced.

Optionally, 11 the circumierential width of an outer periph-
cral portion of each tooth (24) is set in this embodiment to
be broader than the circumierential width of the innermost
peripheral portion thereof, magnetic saturation will be
caused much less easily 1n the outer peripheral portion of the

tooth (24).

Third Embodiment of this Invention

FIG. 5 1s a lateral cross-sectional view of a magnetic
bearing (20) as a third embodiment of the present invention.
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As shown 1 FIG. 5, twelve teeth (24) are provided for the
stator core (22). In this embodiment, three teeth (24) form
one group (which will be referred to herein as a “tooth group
(28)”), and the middle one of the teeth (24) 1n each tooth
group (28) forms one magnetic loop (ML) with one of the
two other teeth (24) that are located on clockwise and
counterclockwise sides 1n the circumterential direction, and
also forms another magnetic loop (ML) with the other tooth
(24). Specifically, as shown 1n FIG. 5, a set of three teeth
(24-1, 24-2 and 24-3) forms one tooth group (28-1), and
another set of three teeth (24-4, 24-5 and 24-6) forms
another tooth group (28-2). The coils (26) of the three teeth
(24) that form each tooth group (28) are connected 1n series
together. And the coils (26) that are connected 1n series are
turther connected to a power supply section (40) to get
power supplied from the power supply section (40). Natu-
rally, these three teeth (24) may also be used by being
connected 1n parallel with each other.

Among the three teeth (24) that form each tooth group
(28), the circumierential width (W3) of the innermost
peripheral portion of the middle tooth (24) 1s set to be
broader than the circumierential width (W4) of the mner-
most peripheral portion of the other two teeth (24) located on
the clockwise and counterclockwise sides of the middle
tooth (24). And these tooth groups (28) are arranged closer
to the 1nner periphery than the back yoke (23) 1s so that their
middle teeth (24) form even-pitch angles between them-
selves. Also, 1n this example, the pitch (P1) between two
adjacent ones of the teeth (24) 1n each tooth group (28) 1s set
to be broader than the pitch (P2) between two teeth (24) that
face each other 1n two adjacent tooth groups (28).

Such a configuration will be described more specifically
with reference to FIG. 5. For example, within the tooth
group (28-1), the circumierential width (W3) of the inner-
most peripheral portion of the middle tooth (24-2) 1s set to
be broader than the circumierential width (W4) of the
innermost peripheral portion of the other two teeth (24-1 and
24-3) located on the clockwise and counterclockwise sides
of the middle tooth (24-1). In FIG. 5, within the tooth group
(28-1), for example, the pitch (P1) between the teeth (24-1
and 24-2) 1s as broad as the pitch (P1) between the teeth
(24-2 and 24-3). On the other hand, the pitch (P2) between
the teeth (24-3 and 24-4) belonging to two different tooth
groups (28-1 and 28-2) and facing each other 1s narrower
than the pitch (P1) between the teeth (24) 1n the tooth group
(28-1).

When clectric current 1s allowed to flow through the
respective coils (26) that form the two tooth groups (28-1
and 28-2), magnetic loops (ML), of which the magnetic flux
directions are as indicated by the solid arrows 1n FIG. 5, are

formed. In the tooth group (28-1), for example, one mag-
netic loop (ML) 1s formed by the tooth (24-1), drive shatt

(13), tooth (24-2) and back yoke (23), and another magnetic
loop (ML) 1s formed by the tooth (24-2), drive shaft (13),
tooth (24-3) and back yoke (23). Likewise, two magnetic
loops (ML) are also formed in the tooth group (28-2).
Meanwhile, the magnetic flux flows 1n the same radial
direction through the tooth (24-3) and the tooth (24-4)
belonging to a different group from the tooth (24-3).

As described above, according to this embodiment, a
predetermined tooth (24) 1s configured so that the pitch (P1)
between the predetermined tooth (24) and one of the two
adjacent teeth (24) that are located on clockwise and coun-
terclockwise sides thereol in the circumierential direction
and that belong to the same group as the predetermined tooth
(24) 1s broader than the pitch (P2) between the predeter-
mined tooth (24) and an adjacent tooth (24) belonging to a
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different group. The predetermined tooth (24) forms a mag-
netic loop (ML) along with the (middle) tooth (24) in the
same group, drive shaft (13), and back yoke (23). And the
magnetic flux flows in the same radial direction through the
predetermined tooth (24) and the adjacent tooth (24) belong-
ing to the different group.

As can be seen, even if a tooth group (28) 1s formed by
three teeth (24), by narrowing the pitch (P2) between two
teeth (24) through which a magnetic flux flows 1n the same
radial direction, a broader pitch can be defined between teeth
(24) that form a magnetic loop (ML) than in the conven-
tional magnetic bearing. Consequently, according to this
embodiment, the leakage magnetic flux that would be gen-
crated between teeth (24) can also be reduced.

Fourth Embodiment of this Invention

FIG. 6 1s a lateral cross-sectional view of a magnetic
bearing (20) as a fourth embodiment of the present inven-
tion. This embodiment 1s a modification to the configuration
of the magnetic bearing (20) of the first embodiment.
Specifically, mn this embodiment, the stator core (22) 1s
configured so that the two teeth (24) which are adjacent to
cach other and through which the magnetic flux flows 1n the
same radial direction have their inner peripheral ends

brought into contact with each other. In the example illus-
trated 1n FI1G. 6, the respective tip ends of the teeth (24-2 and
24-3) are 1n contact with each other. More specifically, two
teeth (24), through which the magnetic flux flows in the
same radial direction, have been formed ntegrally (1.e., so
that P1 1s equal to zero). That 1s to say, according to the
present invention, the teeth (24) are coil (26) based units.
Thus, the “pitch” between some teeth (24) could be equal to
zero 1n some cases and 1s a concept that should be broadly
construed as such.

Fifth Embodiment of this Invention

FIG. 7 1s a lateral cross-sectional view of a magnetic
bearing (20) as a fifth embodiment of the present invention.
In the example illustrated in FIG. 7, the magnetic bearing
(20) has sixteen poles. In this embodiment, the stator core
(22) 1s comprised of eight core blocks (22a) which have
been coupled together so that their boundary 1s defined by a
portion of the back yoke (23). More specifically, as shown
in FIG. 7, those core blocks (22a) are arranged so that their
boundary (B) 1s defined between two teeth (24) through
which the magnetic flux flows 1n the same radial direction,
1.e., extends through the narrower gap between those teeth
(24). Theretore, it follows that each core block (22a)
includes one tooth pair (27).

According to this embodiment, after the coils (26) have
been wound on a core block (22a) basis, those core blocks
(22a) can be coupled together. Those core blocks (22a) may
be coupled together by welding (e.g., laser welding), for
example. Also, since the stator core (22) has been divided
into such core blocks (22a), the coils (26) may be wound by
any of various assembling techmques. For example, the coil
(26) can be wound around each tooth (24) by winding a
winding wire member around a spool bobbin (not shown) in
advance and then fitting the bobbin 1nto the tooth (24) of
cach core block (22a). As can be seen, by using such a stator
core (22) comprised of multiple separate core blocks (22a),
the coil (26) can be easily wound around a tooth (24) even
if only a narrow gap 1s left beside the tip end of the tooth

(24).




US 9,964,146 B2

9

It should be noted that the stator core (22) does not always
have to be divided at such positions (i.e., the location of the
boundary (B) between those core blocks (22a) 1s just an
example). Naturally, the boundary (B) may also be located
between teeth (24) that form a magnetic loop (ML), i.e., so
as to extend through the broader gap between them.

Sixth Embodiment of this Invention
A structure for attaching displacement sensors to sense the 1"
displacement of the rotating shaft (13) will be described as
a sixth embodiment of the present invention. FIG. 8 1s a
lateral cross-sectional view illustrating exemplary positions
where the displacement sensors (50) are attached. FIG. 9 1s
a longitudinal cross-sectional view illustrating exemplary
positions where the displacement sensors (30) are attached.

As already described for embodiments, 1f respective tip
ends of the teeth (24) are located close to each other, there
1s only a narrow coil (26) winding space left around the tip ,,
ends. For that reason, in the embodiments described above,
the coils (26) tend to be wound around the teeth (24) 1n the
vicinity of the back yvoke (23). As a result, a vacant space 1s
created on the end face of the tip end of each tooth (24) as
viewed 1n the axial direction. In this embodiment, each 25
displacement sensor (50) 1s arranged closer to the inner
periphery than the coils (26) are so as to overlap with the
axial end face of the tip end portion of its associated tooth
(24) as shown 1n FIGS. 8 and 9 when viewed in an axial
direction. The type of the displacement sensor (50) to use is Y
not particularly limited. But 1n this embodiment, an eddy
current type displacement sensor may be adopted as an
example.

In the magnetic bearing (20) of each embodiment, the
control section (30) controls the positions of the drive shaft
(13) 1n the X- and Y-axis directions shown in FIG. 8 using
the detection values of the displacement sensors (50). In this
example, two displacement sensors (30) are arranged along
each of the X- and Y-axes as shown in FIG. 8. By providing ,,
the displacement sensors (50) in this manner on the axes of
positioning control, each of those displacement sensors (50)
1s arranged so as to overlap with two teeth (24). For
example, the displacement sensor (50) arranged on the
positive side of the X axis overlaps with two teeth (24-2 and 45
24-3). Also, each displacement sensor (50) 1s fixed with a
ringlike base member (31). As shown in FIG. 9, the base

member (51) has a ring groove (51a) to house the displace-
ment sensor (30) and 1s fixed on the outer periphery of the
stator core (22) with a circular cylindrical wall (515) located 50
on the outer periphery.

15

35

[T

ffects Achieved by this Embodiment

In a general magnetic bearing, the displacement sensor 1s 55
often mounted on a coil end with some base member (such
an arrangement will be referred to herein as a “conventional
arrangement”) mterposed between them. In contrast, accord-
ing to this embodiment, each displacement sensor (50) can
be mounted on the end faces of the tip ends of 1ts associated 60
teeth (24) as viewed 1n the axial direction. As a result, the
overall axial length of the magnetic bearing (20) can be
reduced compared to the conventional arrangement.

In addition, according to this embodiment, the displace-
ment sensors (50) can be mounted closer to the inner 65
periphery than the coils (26) are, and therefore, can be
arranged closer to the drive shaft (13). As a result, the

10

displacement sensors (30) are arranged closer to the point of
application of force, and the positioning control can be
carried out more accurately.

Furthermore, according to this embodiment, the displace-
ment sensors (50) are arranged on the axes of positioning
control (1.e., on the X- and Y-axes). That 1s why in perform-
ing the positioning control, the detection values of the
displacement sensors (50) may be used as they are without
being subjected to coordinate transformation or any other
kind of transformation. As a result, the computations to get
done by the control section (30) for the purpose of position-
ing control can be simplified and a less expensive micro-
computer may be adopted as the control section (30).

Naturally, however, the displacement sensors (30) do not
always have to be arranged on the axes of positioning
control. FIG. 10 illustrates another exemplary arrangement
of the displacement sensors (50). In the example shown 1n
FIG. 10, the displacement sensors (30) are arranged right
over some teeth (24). In that case, the displacement sensors
(50) are not aligned with the axes of control.

Seventh Embodiment of this Invention

Next, it will be described as a seventh embodiment of the
present mvention how to connect the coils (26) together.
FIG. 11 illustrates how the coils (26) may be connected
together. As already described for the first embodiment, in
the magnetic bearing (20), the coils (26) are connected in

series together on a four-by-four basis. In the example
illustrated 1n FIG. 11, the coils (26) of the teeth (24-1, 24-2,

24-3 and 24-4) are connected in series together. As a result,
the electromagnet (235) formed by these four teeth (24-1,
24-2,24-3 and 24-4) generates magnetic attraction in the +X
direction using the four teeth (24) as a single set. In FIG. 11,
the reference signs 11, 12, T3 and T4 denote terminals to
supply electric power to those coils (26) that are connected
in series together. These terminals (T1, T2, T3, and T4) are
connected to the power supply section (40).

Also, 1n this example, wiring portions (26a) between the
coils (26) are arranged on the end faces of the respective tip
ends of the teeth (24) as viewed i the axial direction so as
to be located closer to the inner periphery than the coils (26)
are. In a general magnetic bearing, coils are often wired
together somewhere close to the outer periphery (such an
arrangement will be referred to herein as a “conventional
arrangement”). In contrast, according to this embodiment, a
vacant space 1s created on the end face of the tip end of each
tooth (24) as viewed 1n the axial direction, and therefore, the
wiring portions (26a) can be provided on the end faces of the
respective tip ends of the teeth (24) as viewed in the axial
direction.

In general, the space located closer to the outer periphery
than coils are will be often occupied with insulators and
other parts, and 1t 1s diflicult to secure a suiliciently wide
wiring space there. For that reason, when such a conven-
tional arrangement 1s adopted, the magnetic bearing tends to
be oversized. In contrast, according to this embodiment, the
magnetic bearing (20) can be configured to have a smaller
S1ZE.

Although description of the displacement sensors (50) has
been omitted for the sake of convenience of description as
for this seventh embodiment, the displacement sensors (50)
may also be arranged as 1n the sixth embodiment on the end
faces of the tip ends of the teeth (24) as viewed 1n the axial
direction so as to be located closer to the inner periphery
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than the coils (26) are, even when the coils (26) are wired
together somewhere close to the inner periphery.

Other Embodiments

It should be noted that the respective side surtaces (S) of
the teeth (24) that form each tooth pair (27) do not always
have to be parallel to each other.

Also, the embodiment in which the width of an outer
peripheral portion of each tooth 1s set to be different from
that of an inner peripheral portion thereof (1.¢., an embodi-
ment 1 which the notch (24a) 1s provided) 1s only an
example. Alternatively, the tooth width may be changed
gradually so that the width increases little by little toward the
outer periphery.

Furthermore, the magnetic bearing (20) does not always
have to be applied to the turbo compressor (1). For example,
the magnetic bearing (20) 1s also applicable to a turbomo-
lecular pump and various other kinds of devices with a
rotating shatft.

The shape of the base member (51) adopted 1n the sixth
embodiment and other embodiments 1s only an example.
The base member (51) may even be omitted.

INDUSTRIAL APPLICABILITY

The present invention can be used eflectively as a mag-
netic bearing to support a rotating shait with magnetic force.

DESCRIPTION OF REFERENCE CHARACTERS

20 magnetic bearing

13 drive shait (rotating shafit)

22 stator core

22a core block

23 back yoke

24 tooth

26 coil

50 displacement sensor

The 1nvention claimed 1s:

1. A magnetic bearing comprising;:

a stator core 1n which a plurality of teeth are arranged in
a circumierential direction so as to be located closer to
an mner periphery than an annular back yoke 1s and to
face a rotating shaft; and

colls wound around the respective teeth, wherein

a predetermined one of the teeth i1s configured so that a
pitch between the predetermined tooth and one of two
adjacent teeth that are located on clockwise and coun-
terclockwise sides thereof 1n the circumierential direc-
tion 1s broader than a pitch between the predetermined
tooth and the other tooth and that a magnetic flux flows
in the same radial direction through the predetermined
tooth and the tooth spaced from the predetermined
tooth by the narrower pitch but 1n two diflerent radial
directions through the predetermined tooth and the
tooth spaced from the predetermined tooth by the
broader pitch, and

cach tooth has, at a tip end thereof, a notched portion
facing an adjacent tooth through which the magnetic
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flux flows 1n the same radial direction, and has, at the

tip end, no notched portion facing another adjacent

tooth through which the magnetic flux flows 1 a

different direction, such that a circumierential width of
an outer peripheral portion of each said tooth 1s broader
than a circumierential width of an 1nnermost peripheral
portion thereof.

2. The magnetic bearing of claim 1, wherein the two teeth
which are adjacent to each other and through which the
magnetic flux flows in the same radial direction have their
iner peripheral ends brought into contact with each other.

3. The magnetic bearing of claim 2, wherein the stator
core 1s comprised of a predetermined number of core blocks
which have been coupled together so that their boundary 1s
defined by a portion of the back yoke.

4. The magnetic bearing of claim 3, wherein the two teeth
which are adjacent to each other and through which the
magnetic flux tlows 1n two opposite radial directions have
side surfaces that face each other in the circumierential
direction and that are parallel to each other.

5. The magnetic bearing of claim 2, wherein the two teeth
which are adjacent to each other and through which the
magnetic flux flows 1n two opposite radial directions have
side surfaces that face each other in the circumierential
direction and that are parallel to each other.

6. The magnetic bearing of claim 2, wherein the coils are
wound the same number of times around the two teeth which
are adjacent to each other and through which the magnetic
flux flows 1n two different radial directions.

7. The magnetic bearing of claim 1, wherein the stator
core 1s comprised of a predetermined number of core blocks
which have been coupled together so that their boundary 1s
defined by a portion of the back yoke.

8. The magnetic bearing of claim 7, wherein the two teeth
which are adjacent to each other and through which the
magnetic flux tlows 1n two opposite radial directions have
side surfaces that face each other in the circumiferential
direction and that are parallel to each other.

9. The magnetic bearing of claim 1, wherein the two teeth
which are adjacent to each other and through which the

magnetic flux flows 1n two opposite radial directions have
side surfaces that face each other in the circumierential
direction and that are parallel to each other.

10. The magnetic bearing of claim 1, wherein the coils are
wound the same number of times around the two teeth which
are adjacent to each other and through which the magnetic
flux flows 1n two diflerent radial directions.

11. The magnetic bearing of claim 1, wherein a displace-
ment sensor to sense any displacement of the rotating shaft
1s arranged closer to the inner periphery than the coils are so
as to overlap with an axial end face of a tip end portion of
cach said tooth when viewed 1n an axial direction.

12. The magnetic bearing of claim 1, wherein predeter-
mined ones of the coils are connected 1n series together by
being wired together at a point closer to the inner periphery
than the coils are on the axial end face of the tip end portion
of each said tooth.
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